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Overview
• Methane mitigation has emerged as a high priority for many sub-national entities 

ranging from state governments to cities and facility operators. 

• Persistent observations of methane over large areas that are spatially and temporally 
complete and high resolution can provide actionable information.

• Prototype “tiered” methane monitoring system in California: combines atmospheric 
methane observations from multiple techniques and vantage points, geospatially 
resolved infrastructure data, machine learning, flux analysis, data fusion and data 
portal to assess and communicate methane emissions ranging from key regions to 
individual infrastructure elements. 

• Observational tiers include satellite observations spanning the state of California, 
periodic statewide airborne remote sensing surveys of point sources, a regional 
network of tower-based in situ sensors and a geostationary satellite testbed 
overlooking the Los Angeles megacity. 

• Goal: improve relevance of methane observations by developing and validating point 
source flux estimates, linking with multi-scale attribution data and flux estimates, and 
coordinating with California stakeholders to infuse products into decision-making.
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Setting the Path to 2050
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Figure 5: plotting CaliFornia’s path Forward
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California GHG Monitoring Networks

4Near-continuous monitoring at 23 sites
Expand to at least 30 by 2020

Federation of networks: CARB, BA-
AQMD, JPL/Scripps/UCR, LBNL



Regional flux inversion: LA megacity
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Figure 4.  Mean posterior CH4 fluxes for the study period 2015-2016 excluding the 4-month 

Aliso Canyon leak period.  The overlays indicate the locations of likely CH4 emitting infrastructure 

(after Carranza et al., 2017 - see detail section 6.1.1 and 6.1.2). The five red zones indicate focus 

areas within the LAMD with key sources highlighted including the apparent disappearance of the 

Puente Hills landfill source folloZing iW¶s closXre in 2013. (b) Comparison of the inversion posterior 

fluxes (for both the Aliso Canyon leak period and the non-leak period) with 1-sigma uncertainties 

vs CALGEM for each of the five zones in the LA Megacity Domain (LAMD). The impact on the 

basin-wide flux from the Aliso Canyon gas leak is readily apparent. We attribute the large reduction 

in the posterior fluxes in Zone III to the shutdown of the Puente Hills landfill in 2013. 
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Yadav et al. 2019 in revision
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(b)  

Comparison of the inversion posterior fluxes (for both the Aliso Canyon leak period and the non-

leak period) with 1-sigma uncertainties vs CALGEM for each of the five zones in the LA Megacity 

Domain (LAMD). The impact on the basin-wide flux from the Aliso Canyon gas leak is readily 

apparent. We attribute the large reduction in the posterior fluxes in Zone III to the shutdown of the 

Puente Hills landfill in 2013. 

 

  
Yadav et al. 2019 in revision



Statewide survey of point sources

Duren et al., in revision
5 months of flights 2016-2018; repeat overflights of >272,000 facilities 
and components; >1300 plumes; 562 sources



Anomalous super-emitters at 0.2% of infrastructure 
responsible 35-43% of California CH4 inventory

Duren et al., in revision
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B

California & 4 Corners results suggest relationship 
may hold for other key regions globally

Duren et al., in revision
Frankenberg et al., PNAS, 2016

10X relaxation in detection limit 
still nets 90% of point sources and 
enables broader spatial coverage 
à path to space

100 kgCH4 h-1 detection limit from 
LEO possible with AVIRIS-ng 
derivative instrument with 30m 
GSD, 5 m s-1 wind, moderate 
surface brightness, & nodding

10 kg h-1

from aircraft (3-6km)
100 kg h-1

from LEO



Tiered observing system in action:
landfill emissions mitigation

Reduction in Sunshine Canyon CH4 emissions seen by both tiered-observing inversion & AVIRIS-NG
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New developments: automation & visualization

Machine learning (Feature detection & attribution)

Data integration, analytics

CH4 retrievals

CH4 onboard
quick-look 
processing: scenes 
with approximate 
ppm-m and lat/lon

Plume analysis
1. Detect & geolocate plume (automated, w/manual 

verification) Assign source #
2. Record flight line#
3. Identify nearest VISTA element ID, facility name, 

source type and IPCC emission sector
4. Assign detection confidence
5. Select parameters for concentration threshold(s), 

merge distance(s), max fetch(s)
6. Calculate IME, plume length, uncertainties
7. Calculate plume flux and uncertainty
8. Select aspect ratio limits
9. Remove plume flux estimates that violate aspect ratio 

limits or have uncertainties > 100%

L1 calibrated 
radiance

L0 raw data

HRRR 10m, 80 m wind 
fields; +/- 1 hr, 10 

surrounding 3km grid cells

NWS wind observations

Wind data ingest 
& QC

Source analysis
• Calculate average source flux
• Calculate source persistence 

from Nobs and Nflights
• Apply persistence scalar to 

calculate net source flux

19

Plume list
Source list

Colorized plume image generation
(.geojson, .tif)

L2/L3 
orthorectified
products:
RGB and 
grayscale CH4 
images, flight line 
maps (.kmz, .png
files)

VISTA L1B
QC’d spatial 

layers

Calculate HRRR 2m 
wind speeds and 
uncertainties at 
plume locations, 
times (U(x,y,t), s)

AVIRIS-NG pipeline

Facility & Sector analysis
• Aggregate sources to 

facilities
• Apply VISTA population 

scalars to calculate net flux 
by sectors

• Calculate summary statistics

Facility List

On demand services, workflow & UQ

Automated source attribution
Vista-CA 
CH4 point 
source 
inventory

AVIRIS-NG 
CH4
plumes

Geospatial source attribution model

Automated plumes attribution with 95% accuracy
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Summary
• Tiered observing systems offer the potential to combine 

persistent, spatially complete monitoring over large areas 
with point-source monitoring at facility scale

• Data sharing with facility operators can lead to voluntary 
mitigation if the data is able to guide mitigation at 
component levels

• Pilot efforts indicate potential to extend these methods 
globally through coordinated surface monitoring networks, 
periodic airborne remote-sensing surveys and/or satellite 
observations and with multi-scale analysis systems

12



• backup
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Methane Projects
• Megacities Carbon Project (NIST/NASA): persistent, multi-scale GHG 

monitoring for LA basin

• Aliso Canyon incident response (NASA): AVIRIS-C and HyTES, discovery of 
secondary plumes and oil well venting

• California Methane Survey (CARB/CEC/NASA): baseline statewide survey of 
point-sources (responsive to AB1496, SB888)

• ACCESS Methane Source Finder (NASA): automate workflow (point source 
detection, attribution and flux estimation pipeline) + analytics/portal

• CMS Prototype Methane Monitoring System for California (NASA): integrate 
aircraft, surface, & satellite inversions and infrastructure data (regional to 
point source scale)

Megacities Carbon Project Cal Methane Survey

Aliso Canyon incident response

14



Measuring CH4 (and CO2) with SWIR Imaging 
Spectroscopy

• Effort led by Andrew Thorpe and David R. Thompson (JPL)
• AVIRIS-NG has 5 nm spectral resolution (380-2510 nm) & typically 3 m 

spatial resolution, 1.8 km swath (at 3km altitude)A.K. Thorpe et al.: AVIRIS-NG CH4, CO2, H2O retrievals 5
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Figure 3. (a) AVIRIS-NG measured and modeled radiance for one
image pixel within the CH4 plume used for the CH4 retrieval (see
Figure 2b). (b) The residual is plotted with 1 � standard deviation
boundary calculated from residuals for the entire scene.
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Figure 4. (a) AVIRIS-NG measured and modeled radiance for one
image pixel within the CH4 plume used for the H2O retrieval (see
Figure 2e). (b) The residual is plotted with 1 � standard deviation
boundary calculated from residuals for the entire scene.

from the HITRAN database (Rothman et al., 2009) and a 30

classical Voigt spectral line-shape was used to calculate ver-

tical optical densities for fourteen atmospheric layers that
spanned sea level to the top of the atmosphere.

Above the aircraft, vertical optical densities were com-
bined and an air mass factor (AMF) was calculated to ac- 35

count for one way transmission. Vertical optical densities be-
low the aircraft were also combined with an AMF reflect-
ing two way transmission. This resulted in a two layer atmo-
spheric model that speeds up the retrieval and incorporates
the ground elevation and flight altitude for each AVIRIS-NG 40

scene. The two layer model was used to model reflected so-
lar radiation perturbed by the absorbing species CH4, CO2,
H2O, and N2O. Three retrieval windows were used, each tar-
geting the primary gas of interest. CH4 retrievals were per-
formed between 2,215 and 2,410 nm (Figure 1) and included 45

fits for H2O and N2O. Because N2O has weak absorption
features, these Jacobians are not shown in Figure 1. Between
1,904 and 2,099 nm CO2 retrievals included H2O and N2O,
while H2O retrievals between 1,103 and 1,178 nm also in-
cluded CO2 and N2O. Therefore, the state vector (xn) for 50

each retrieval window had six rows. Modeled radiance at
high spectral resolution was calculated for each wavelength
with a forward radiative transfer model using the following
equation

F hr (xi) = Ihr
0 ·exp

 
�

6X

n=1

An · ⌧ ref
n ·xn,i

!
·

kX

i=0

ak�
k, (1)

where F hr (xi) is the forward modeled radiance at the ith
iteration of the state vector, Ihr

0 is the incident intensity, a
solar transmission spectrum (Geoffrey Toon, personal com-5

munication, 2013), An is the air mass factor (AMF) for each
n number of atmospheric state vector elements, ⌧ ref

n is the
reference vertical optical density for each n number of atmo-
spheric state vector elements (including optical densities of
the three absorbing species, xn,i is the trace gas related state10

vector at the ith iteration, which scales the prior optical den-
sities of each of the absorbing species in each n layer (six
rows, three gases for two atmospheric layers), ak are polyno-
mial coefficients to account for low-frequency spectral vari-
ations.15

The state vector contains the spectral shift (not shown
here) and a low order polynomial function (ak) to account for
the broadband variability in surface albedo (see Frankenberg
et al. (2005). The high resolution modeled radiance is con-
volved using the the instrument line shape function and sam-20

pled to the center wavelengths for each AVIRIS-NG spectral
band, resulting in a lower resolution modeled radiance at the
ith iteration of the state vector F lr (xi), calculated using a
known ⌧ ref

n scaled by xn,i.
A Jacobian Matrix is calculated for each iteration i, where25

each column represents the derivate vector of the sensor ra-
diance with respect to each element of the state vector (xi).

Ki =
@F lr(x)

@x

����
xi

. (2)

A.K. Thorpe et al.: AVIRIS-NG CH4, CO2, H2O retrievals 9
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Figure 7. (a) AVIRIS-NG measured and modeled radiance for one
image pixel within the CO2 plume for the CO2 retrieval (see Figure
6b). (b) The residual is plotted with 1 � standard deviation bound-
ary calculated from residuals for the entire scene.

mapping capabilities at multiple flight altitudes, ranging
from as low as 0.4 km to 3.8 km AGL (0.4 to 3.8 m pixels)
for a controlled release experiment (Thorpe et al., 2016a) to 85

9 km AGL for the Coal Oil Point marine seeps (Thorpe et al.,
2014). AVIRIS observed the Aliso Canyon leak on multiple
flight days at 6.6 km AGL (6.6 m pixels) while the Hyperion
imaging spectrometer, also 10 nm spectral resolution but 30
m pixels, mapped the plume and demonstrated the potential 90

for a space-based application (Thompson et al., 2016).
The ability to identify individual point source locations of

CH4 and CO2 emissions has relevance to the research com-
munity as well as the private sector. Understanding the spatial
and temporal distribution as well as the magnitude of these 95

emissions is of interest given the large uncertainties associ-
ated with anthropogenic emissions. This includes industrial
point source emissions of CH4 and CO2, CH4 from oil and
gas operations as well as natural gas distribution and storage,
CH4 from agricultural sources, and CH4 and CO2 from land- 100

fills. Site operators could identify and mitigate CH4 emis-
sions, which reflect both a potential safety hazard and lost
revenue.

Despite these promising results, an imaging spectrome-
ter built exclusively for quantitative mapping of gas plumes
would have improved sensitivity compared to AVIRIS-NG
(Thorpe et al., 2014). For example, an instrument providing5

a 1 nm spectral sampling (2,000-2,400 micron) would permit
mapping CH4, CO2, H2O, CO, and N2O from more diffuse
sources using both airborne and orbital platforms (Thorpe

et al., 2016b) . The ability to identify emission sources offers
the potential to constrain regional greenhouse gas budgets10

and improve partitioning between anthropogenic and natu-
ral emission sources. Because the CH4 lifetime is only about
9 years and CH4 has a Global Warming Potential 86 times
that of CO2 for a 20 year time interval (Myhre et al., 2013),
mitigating these emissions is a particularly cost-effective ap- 15

proach to reduce overall atmospheric radiative forcing.

7 Data availability

The AVIRIS-NG data used in this study are avail-
able upon request at http:// avirisng.jpl.nasa.gov/ or
http://aviris.jpl.nasa.gov/.

Appendix A: Appendix A

A1 CH4 emissions from gas processing facility

A2 CH4 emissions from tank

A3 CH4 emissions from pipeline leak5

A4 CO2 and H2O emissions from power plant
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analysis cases where > 60% of the surrounding pixels contain high methane levels since they 

generate excessive outliers (in this case, 22 plumes).   

 

S2.5 IME and Plume length calculation and uncertainties 

 

We isolate each observed plume by applying the mixing ratio threshold and two parameters: 

maximum fetch (radius in meters from the plume origin) and merge distance which allows for 

definition of contiguous plumes in the presence of gaps (e.g., pixels with low methane values). For 

this analysis maximum fetch was set to 150 meters and merge distance was set to 20 meters based 

on iterative assessment of optimal plume size and shape for emission estimation (see Figure S.3 

A).  

 

Centered on the plume origin an initial circle of radius (r1) is defined based on the pixel size (Figure 

S.3 B). For the portion of the plume covered by this circle, the total excess mass of methane in the 

plume that we refer to as Integrated Methane Enhancement (IME) is calculated by summing the 

methane mixing ratio length a for the n pixels in the plume over the plume area S and then 

converting to CH4 mass units with the constant k (22,23). As shown in Figure S.3 B, the radius is 

sequentially expanded (rc, where c denotes the total number of circles) and new IME for the given 

radius ("#$%&) is calculated as follows:   

 

"#$%& 	= 	)*+(-)/(-)
0

123
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N = O"#$MMMMMM 4: P@A3	 

 

The IME method is inherently less sensitive to errors in wind speed than Gaussian plume 

inversion or single pixel mass balance and cross-sectional estimation methods given the extended 

nature of the plumes and the information content from hundreds to thousands of pixels (25). We 

confirmed that the uncertainties associated with "#$MMMMMM 4:  and U10 are uncorrelated for the set of 

nearly 1000 plumes used in the analysis and hence the relative errors 6789 and 6C	combine in 

quadrature to provide the total uncertainty 6Q	for each emission estimate: 

 

6Q 	= 		N RS
6789MMMMMM %:
"#$MMMMMM 4:

T
U

	+	W 6C@A3
X
U
Y

A
U

 

 

We obtain individual source uncertainties ranging from  ±4 to ±100%; see Fig S.5 for 

distribution of source emission  estimates and uncertainties. We eliminate from calculation of 

source emissions the small fraction of plume estimates that exhibit >100% uncertainty 

(approximately 20 plumes).  Performance with our framework is consistent with the theoretical 

best-case performance of 15-50% uncertainty for an equivalent precision instrument and ideal 

plumes predicted by large eddy simulations (25). We consider these levels of uncertainty to be 

acceptable for this analysis given the very sparse data regarding point sources in California many 

of which have never been identified, much less precisely geolocated or quantified with 

uncertainties.  For example for the Aliso Canyon gas blowout study, in situ methane sampling 

with aircraft using Gauss’s theorem resulted in 1s uncertainties ranging from ±9 to ±22%  (16). 

CH4 enhancement + wind speed à Emission flux



Validating emission estimates with in-situ 
measurements
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Need frequent/persistent observations
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